I n our paper " On the Refraction, Dispersion, and Sensitiveness of Liquids," Mr. D ale and I pointed out a property of bodies which we termed their " specific refractive energy." It is the refractive index minus unity, divided by the density, or in symbolical language ~r~-We found that this is a constant unaffected by temperature, and that a the specific refractive energy of a mixture is the mean of the specific refractive energies of its constituents. At the same time, however, we admitted that in both cases our numbers were not in perfect accordance with theory, there being some unknown cause which affected them to a slight extent. These conclusions, both in regard to the general law and its qualification, have been since confirmed by continental physicists, and espe cially by the late rigorous experiments of W u l l n e r *.
In the same paper we ventured also on the generalization that " every liquid has a specific refractive energy composed of the specific refractive energies of its component elements, modified by the manner of combination." Later research has confirmed this also, extending it to conditions of matter other than liquid, and showing more clearly when such modifications occur, and what is their nature. Professor L andolt, of Bonn, has greatly advanced our knowledge of the subject, and has simplified the calculations by adopting what he terms the refraction-equivalent, that is, the specific refractive energy multiplied by the atomic weight, or P Recent investigations in fact tend to the CL general conclusion that the refraction-equivalent, not only of mixtures, but of every com pound body, is the sum of the refraction-equivalents of the elements that compose it.
Were this perfectly true, like the statement " the atomic weight of a compound is the sum of the atomic weights of its constituents," it would be a simple matter to deter mine the refraction-equivalents of all the elements; and then we should be in a posi tion to calculate the effect of every transparent body of known composition on the rays of light transmitted by it. But it is not absolutely true: even in L andolt's first paper it is evident that there are exceptions; the unknown cause which modifies the refraction of mixtures probably acts in cases of more perfect chemical combination; and the conviction has grown that some elements have two or more refraction-equi valents.
I have continued from time to time to make observations on this subject, and the period seems now to have come at which it is wise to put on permanent record the results at which I have hitherto arrived. I shall give therefore first the data, and then the deductions in reference to each element examined.
The Data.
These consist of the observations of D u l o n g * on the refraction of gases, of M a lus, B r e w st er , and others^ on solids, and of D e l f f s J , J a m in , Sa u b e r §, L andolt ||, H a a g e n^T, and K e t t e l e r ** on liquids, in addition to such determinations as I have myself made, whether previously publishedff or not.
Most of my fresh experiments have been made with a new instrument constructed by Mr. B ro w nin g , with a horizontal instead of a vertical circle, and several other improve ments.
I have continued to measure the solar lines A, D, and H, whilst L andolt has pre ferred the three bright lines of the hydrogen spectrum. I have calculated the refrac tion for the line A, as being the most free from whatever influence there may be con nected with dispersion, and the German professor has reckoned for hydrogen a, which is identical with the solar C. These rays are so near together that the difference can scarcely affect the first place of decimals in a refraction-equivalent. When the deter minations are made with greater precision, it will be for physicists to decide which shall be finally adopted.
In the subjoined Tables the actual refractive indices are given, and the refractionequivalents as calculated from them. For the complete data, I must refer to the papers of the several observers, and to Appendices I., II., and III., where my own new expe riments are tabulated. Solutions. If the refraction-equivalent of a mixture or of a chemical compound be the sum of the refraction-equivalents of its constituents, the same may be expected to hold good in the case of a solution. This consideration led me to examine a large number of aqueous * These are the numbers employed in calculating the alcoholic solutions given in Appendix III. solutions of salts, bodies which in their solid state are generally doubly refracting, and necessarily present difficulties that are not met with in the examination of liquids.
The method usually adopted was as follows:-An amount of salt representing the atomic weight was dissolved in na toms of water, and the refractive index of the solution were taken. From these was reckoned the refraction-equivalent, and subtracting from this n times the refraction-equivalent of water for the solar line A , there remained the refraction-equivalent of the dissolved salt for that part of the spec trum. Thus to take an actual instance: 1 atom or 58*5 parts of chloride of sodium were dissolved in 12 atoms or 216 parts of water. The refractive index of the solution /V 1 for A was T3683, and the specific gravity at the same temperature was 1T68; -^-therefore was 0*3154, and P was 0*3154 x (58*5 + 216), that is, 86*57. From this, the refraction-equivalent of the whole compound system, 12 times 5*926 (i. e. 71*12) the refraction-equivalent of water was subtracted, leaving 86*57 -71*12, or 15*45, as the refraction-equivalent of chloride of sodium. That a number so arrived at fairly repre sents the action exerted by the chemical compound on light, is evident from the follow ing considerations. 1st. The refraction-equivalent 15*45 closely approximates to that previously deter mined for chloride of sodium from the examination of solid rock-salt, namely 15*02. Similarly, cane-sugar dissolved in water gave 119*0, while from B e e w s t e e 's observation of the crystallized solid it should be 119*3 (see Table III .). Again, crystallized borax, after making allowance for the refraction due to the water of crystallization, gave 45*8, while from its aqueous solution its equivalent was determined at 45*9. Chloride of ammonium, solid and in solution, gave respectively 22*08 and 22*33.
2nd. The refraction-equivalents of several solid organic bodies, as determined from their aqueous solutions, agree closely with what might be calculated from L andolt' s values for C, H, and O. Thus, 3rd. The refraction-equivalent as reckoned from a solution is not affected by varying the amount of water. This has been proved in the case of the chlorides of sodium, potassium, strontium, and copper, iodide of sodium, sulphate of ammonium, and other salts, and even in the case of the combinations of water with strong acids, such as sul phuric and nitric acids. The following experiment on chloride of sodium will serve as an illustration. This shows also that under favourable circumstances a refraction-equivalent may be depended on to the first place of decimals, but not to the second.
4th. The calculated refraction-equivalent is the same whether water or alcohol be the solvent employed. This was tested in the following cases, the actual observations for which are given in Appendix III. The mercuric salt appears to be exceptional, but this metal will be seen later on to be anomalous.
But whatever may be the worth of these considerations, an examination of some cor responding series of salts in solution, viz. the chlorides, bromides, and iodides, convinced me at once that we thus obtain numbers made up of two component parts, the one due to the base, the other to the radical with which it is combined; and the multiplication of these experiments on a large variety of salts has only served to deepen this conviction.
The actual observations will be found in the Appendix, but the refraction-equivalents thus arrived at are given in the following Table. As the determination of the refraction-equivalent of a salt in solution depends on the difference between it and the refraction-equivalent of water, it is evident that experi mental errors will be multiplied undesirably if the water be large in quantity as com pared with the salt. Hence the most soluble salts give the most trustworthy results. In some instances the solubility of the salts depended on the addition of some other salt or acid to the solution; in such cases the refraction due to the salt or acid, as well as that due to the water, has been deducted, and in the following Tables the number so arrived at has been marked with an asterisk (*). A glance at this Table will be enough to show that the numbers are not independent of one another, but that there is a remarkable relation between them. Thus the bromides are between six and seven higher than the chlorides corresponding to them in the case of the univalent metals, and double that number in the case of the bivalent; again, the line of sodium salts consists of numbers from three to four lower than the corresponding potassium salts in the monobasic series, and double that number in the bibasic. This kind of relation is precisely what was to be expected if the refraction-equivalent of a salt is really made up of the refraction-equivalents of its constituents. These differences are drawn out in the following Tables. Table VI . exhibits the differences between the refraction-equivalent of potassium indicated by the letter A, and those of the other metals, together with ammonium and hydrogen, the radicals with which they are com bined being indicated by Greek letters. Table VII . shows the differences between the refraction-equivalent of chlorine, represented by a, and those of the other radicals, the refraction-equivalent of each metal being represented by a different Roman letter. M a n o*a n p« i p. 
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R R "CO"Co 9^9 9 9 : 9 9 9 9 9 9 9 s + + The differential numbers along a line in Table VI ., or down a column in Table V II. , are sufficiently near to show that we are dealing with a reality; but they are sufficiently wide apart to show that we must rely upon the average of the numbers and not on any single experiment, if we wish to get a refraction-equivalent true to the first place of decimals. Unfortunately all experimental errors fall upon this residuary number.
The only exception to this regularity which is worth notice, is in the case of hydrogen, which is A -4'5 or thereabouts in the hydracids, but drops to somewhere about A -6'T in the organic acids. This seems to indicate that in the first group hydrogen has a refraction-equivalent somewhere about 2*2 higher than in the other.
Though these Tables alone do not afford us the means of determining a single refrac tion-equivalent of a metal or of any other element, it is evident that the refraction-equi valents of the whole would be a simple matter of calculation if we could determine with certainty the value of any letter, Eoman or Greek, that is, the refraction-equivalent of any one of the constituents. The means of arriving at this will be explained in the second part of this paper under the head of Potassium.
Deductions.
Carbon.-Crystallized carbon (that is diamond) has a refraction-equivalent of about 5*0; the same number was arrived at by L andolt from a consideration of a multitude of organic substances. If we compare together the two gaseous oxides, CO, 7*58, and C 02, 10-03, it is clear that the second atom of oxygen is represented by 2-5, and taking the first atom at the same it leaves 5-03 for carbon.
If, indeed, anything is certain in this whole subject, it is that carbon, whether pure or in combination with other elements, and thus forming solid liquid or gaseous bodies, exerts the same influence on the rays of light transmitted by it, and that this influence may be expressed by the number 5 0; but the cumulative evidence on which this con viction rests is derived from the whole range of organic bodies, and from many other compounds of carbon that will be considered under other headings. The apparent exceptions, such as the aromatic series of organic compounds, may be accounted for by a part of the hydrogen having a higher refraction-equivalent than it usually exhibits*.
Hydrogen.-According to D ulong's observations hydrogen gas has a refraction-equi valent of 1*53, and it seems to have the same in water; L andolt, however, has shown that in the large majority of the organic compounds examined by him, it does not exceed 1*3. This is confirmed by such observations as those on the new ketones, or on laurostearate of ethyl, given in Table III . L andolt examined no hydrocarbons, but assuming C=5*0, the series in Table II This is the value of H in acetic, formic, tartaric, and oxalic acids; but from Table VI . it would appear that the hydrogen in hydrochloric, hydrobromic, and hydriodic acids has a value about 2-2 higher than in these organic acids; it must therefore be about 3*5. The same element in nitric and sulphuric acids seems to have a value intermediate between these.
Oxygen.-Gaseous oxygen, according to D ulong, is 3-04; and L andolt found that 3-0 suited well for calculating the refraction-equivalent of the great group of organic com pounds. There is, however, more uncertainty about this number; most of the sub stances examined by the German professor contained comparatively little of the element, and his best comparisons give a somewhat lower figure.
Assuming C=5*0, and H = l*3, Sulphur.-The pure element, whether solid or liquid, has a refraction-equivalent of 1G*0 or 16*3; as deduced from CS2, 36*7, it will be 15*85. Again, the difference be tween KCNS, 33*47, and KCN, 17*23, gives S=16*24; it will be seen that it has a similar value in chloride of sulphur. It is evident, however, that in the two gases, H 2S, 14*28, and S02, 14*91, or in liquified S02, 14*59, it cannot be 16; nor yet in its other oxygen compound, H 2S04, 21*9.
Phosphorus.-The refraction-equivalent for this very dispersive elementary body is 18*3 for the line A. In its compounds with the halogens it seems to exert the same influence on light, but in phosphoric acid its refractive energy must be greatly dimi nished.
Chlorine.-The gas itself has the refraction-equivalent of 8*87, as reckoned from D ulong's experiments, and the same figure represents it in gaseous phosgene; but a somwehat higher number is arrived at when liquid compounds are examined. Thus, taking the numbers previously given for carbon, hydrogen, sulphur, and phosphorus, we find- Moreover the substitution of chlorine for hydrogen in benzole gives for each Cl-II 8*7, that is Cl=10*0. The mean of these numbers is 9*9.
Bromine.-The liquid element has a refraction-equivalent of 16*23. . Iodine =24*6 " =24-3 " =24-9 " =24-3
The average o f these is 24'5; H aagen gives 24-87 for the line C, as deduced from the same series of compounds. It would appear that the differences between the three halogens are as follows: jjr==CJl_l_5.4j and 1-014-14*6. This does not exactly agree with the differences be tween the three series of dissolved haloid salts, where B r = C l+ 6*36, and I = C 1 + 16*46.
Potassium.__The number of potassium salts in solution whose refraction-equivalents have been determined is 26. There are two ways of arriving at the equivalent of the metal itself from these data. 1st. If we know the value of any of the radicals conjoined with potassium (expressed in Table VI . by Greek letters), it is a simple question of sub traction. 2nd. If we know the value of any other capital letter in Table VII ., we have merely to add to it, or subtract from it, the mean number representing the difference be tween it and A, and we arrive at A itself, that is the refraction-equivalent of potassium.
For calculation by the first method, the numbers already arrived at may be employed, namely, C = 5, H = T3, 0 = 2 -9 , S = 1 6 ; and from the ethyl compounds in Table III . , the following values may also be accepted, N 0 3=14-4, Si04=18*4, C03=12*9, and CN = 9T, the two latter numbers corresponding with those of carbonic anhydride and cyanogen gas in Table II Deductions from the chloride, bromide, and iodide are omitted from this list, because, as has been shown already, the differences between the refraction-equivalents of these halogens in dissolved salts must be somewhat greater than we find them to be in organic compounds. It is true this a priori objection does not lie against the chloride itself, but the close analogy between its properties and those of the two other halogens renders it open to suspicion. If, indeed, we assume C.l=9-9, we obtain K =8-9, a higher number than any of the above. Considering the whole scope of the evidence, I would rather determine chlorine from potassium, than potassium from chlorine.
By the second method, assuming H in w a te r= l'5, and in the hydracids 3-5, we obtain from a comparison of hydrate of potassium with water K -8T8, and from a comparison of the potassium salts with the hydracids K = 8'03.
The numbers thus arrived at range from 7*6 to 8-7 ; but the determinations most to be relied on are a little above 8'0, and the whole concurrent testimony points to 8T as the most probable number.
Having determined 8T as the refraction-equivalent of potassium (the A of Table VI .), it is perfectly simple to calculate the refraction-equivalent of every other metal in that Table. It is only necessary to add to, or subtract from, 8T the mean of the figures in each line ; but, inasmuch as some observations deserve more confidence than others, the exact mean was not always followed, but rather what was thought to be the most trust worthy number.
From this it results that Sodium . Lithium Caesium . Rubidium Silver . Thallium Barium . Strontium Calcium = A -3-3, that is 4-8 = A -4-3 " 3*8 = A + 5-6 " 13*7 =A-f-5*9 " 14-0 = A + 7-6 " 15*7 = A + 13-5 " 21*6 = 2 (A -0 -2 ) " 15-8 = 2 (A -1*3) " 13*6 = 2 (A -2 -9 ) " 10-4 =2{A -4*6) "
" 12*8 = 2 (A -3-0) " 10-2 = 2 (A -1*3) 13-6 = 2 (A -2*3) " 11*6 = 2(A-2T) " 12-0 = 2(A-2*9) " 10-4 = 2(A -2*7) " 10-8 = 2 (A -2-0) " 12-2 =2(A +4-3) " 24-8 =2(A +2-0) " 20-2 = 2 (A + 3 -l) " 22*4 = 3 (A -5*3) " 8-4 = 3(A-1'4) " 20T = 3(A-2*8) " 15-9 This Table shows that the three halogens, chlorine, bromine, and iodine, have higher refraction-equivalents in these mineral salts than they have in their organic compounds, and that the divergence increases as we advance in the series *. Chlorine Bromine Iodine .
In organic compounds.
. . 9-9 . . 15-3 . . In mineral salts.
10-7 17-0 27-2 It also gives us additional information respecting the refraction-equivalents of some of the metals.
Iron.-This metal in combination with cyanogen in the ferrocyanide and ferricyanide of potassium has apparently a higher equivalent than in the compounds where it plays the part of a base.
Manganese.-This element exists in a highly oxidized condition in permanganate of potassium. If O be taken at 2-9, the refraction-equivalent of manganese will be 26'2.
Chromium.-This also exists in combination with oxygen in the chromates and bi chromates. There it has a refraction-equivalent of about 23.
In the oxychloride (Table III These point clearly to 4*0 or 4T. The hydrogen in ammonia has been taken as gaseous hydrogen, viz. 1*5. It is to be remarked that ammonium in the series of salts is 11*5; but it is impossible to calculate N from this, as the refraction-equivalent of hydrogen is uncertain. Cyanogen in its compounds is 9*1; hence the nitrogen is also 41 in this combination. In the nitrates and nitrites, however, it seems to have a greater influence on light. -From the tetrachloride, Si=7'5. Silicic acid, S i0 2, in the form of quartz has the refraction-equivalent 12-4 and 12-6 for the ordinary and extraordinary rays respectively; as deduced from silicic ether it is 12'6, and from the soluble silicates 12*6. Therefore Si=6*8.
Boron.-B20 3, as deduced from boracic ether, is 16*45, from crystallized borax 16*85, and from borax in solution 16*7. Taking the mean of these values, B=4*0.
Zirconium.-From zircon, Zr=20*8 or 22*6, according as we reckon from the ordinary or extraordinary ray.
Fluorine. -From potassium fluoride F= l*45. The numbers given for fluor-spar and kryolite confirm this very small value, or rather indicate that this body has scarcely any influence on the rays of light.
DR. GLADSTONE ON THE REFRACTION-EQUIVALENTS OF THE ELEMENTS.
Summary.
The general results of the foregoing deductions give the following numbers as the refraction-equivalents of the elements, already determined more or less accurately. In the above Table those equivalents are marked 1 where they have been deduced from only one compound, or where the different determinations are not fairly accordant.
At some future time I hope to reexamine each of the doubtful points, and to extend the observations to the whole range of the chemical elements. The question of disper sion-equivalents is also of interest: the data for an investigation of the matter are given in the Appendix, since the refractive index has been calculated for the lines D and H, as well as the line A ; but I have avoided encumbering the present paper with any remarks on this subject.
The specific refractive energy of a body is in some respects worthy of more considera tion than the refraction-equivalent, for it is a physical property independent of chemical theories. If these energies in the preceding Table are compared with one another several suggestive facts may be observed.
1st. Hydrogen has more than double the energy of any other element, even in the lowest number that can be assigned to it.
2nd. Phosphorus, vanadium, titanium, and sulphur have singularly high energies, and they are substances that present certain chemical analogies.
3rd. There are several pairs of analogous elements having the same, or nearly the same, energy; thus, bromine and iodine, arsenic and antimony, potassium and sodium, manganese and iron, nickel and cobalt.
4th. An element in altering its quantivalence alters its energy. 5th. If those metals that form the soluble salts of Table V . be arranged in the order of their energies, it will be seen that, with a few exceptions, they are in the inverse order of their combining proportions. This is shown in the annexed Table, where the third column gives the actual weight of the metal that combines with 35*5 of chlorine. This has not the regularity of a physical law, but it clearly points to some connexion between the power of a metallic body to saturate the affinities of other elements, and its power to retard the rays of light. I am indebted to friends for the use of some of the above compounds. Professor F rankland kindly lent me the mercuric methideand the ketones; Professor W illia m so n the titanium tetrachloride, chromium oxychloride, and ethylic phosphite; Professor P oscoe the vanadium oxychloride; and M r.P e r k in the cacodvlic acid.
P o stscript, 21st March, 1870.
Since writing the statement about the aromatic compounds under the head of carbon, I have satisfied myself that their exceptionally high refractive power cannot be explained by the higher equivalent of hydrogen.
More recent experiments have confirmed the numbers provisionally assigned to anti mony and gold, and led to some augmentation in those for didymium and zirconium.
